We report mid-infrared (MIR) imaging observations of the carbon star U Ant made with the Infrared Camera (IRC) on board AKARI. Subtraction of the artifacts and extended PSF of the central star reveals the detached dust shell around the carbon star at MIR wavelengths (15 and 24 µm) for the first time.
Introduction
Mass loss from Asymptotic Giant Branch (AGB) stars is one of the major stellar sources that supply dust grains to the interstellar medium (ISM) and is a key process of the material circulation in galaxies (Draine 2009 ). AGB stars are suggested to be efficient sources even in low metallicity environments (Sloan et al. 2009 ). Mass loss is also crucial to the late evolutionary stages of low-to intermediate-mass stars. Radiation pressure on forming dust grains is thought to play a significant role as a mass-loss mechanism, but there still remain several open issues, such as the trigger of the mass-loss process, the dependence of the mass loss on the stellar parameters, and the change of the mass loss along the stellar evolution (Habing 1996) . Far-infrared (FIR) studies based on IRAS observations indicate the presence of detached shells around carbon stars, suggesting that the mass-loss process is sporadic rather than steady due to thermal pulses in the star (Willems & de Jong 1988; van der Veen & Habing 1988) . Detailed analyses of FIR data in fact confirm the presence of detached shells in several AGB stars (Waters et al. 1994; Izumiura et al. 1996 Izumiura et al. , 1997 Izumiura et al. , 2010 Ueta et al. 2010; Ladjal et al. 2010) . Detached shells are also investigated in detail with CO line observations (Yamamura et al. 1993; Olofsson et al. 1996 Olofsson et al. , 2000 Lindqvist et al. 1999; Schöier et al. 2005) and their spatial structures are studied in optical scattered light (González Delgado et al. 2001 Maercker et al. 2010) . While CO and optical scattered-light observations provide detailed information on the shell dynamics and structure, infrared observations yield estimates of the dust mass and temperature of the detached shell. Mid-infrared (MIR) data can add crucial constraints on the temperature and mass of dust grains because they measure the Wien side of the thermal emission from the detached shell. However, no detached shells of AGB stars have so far been detected in the MIR. U Ant is an N-type carbon star of irregular variability at a distance of 260 pc (Knapp et al. 2003) . The circumstellar envelope around U Ant is studied in the FIR (Izumiura et al. 1997) , the CO emission (Olofsson et al. 1996; Maercker et al. 2010) , and the optical scattered light (González Delgado et al. 2001 Maercker et al. 2010 ). These studies resolve 5 shells at ∼ 25 ′′ , 37 ′′ , 43 ′′ , 50 ′′ , and 3 ′ from the central star (hereafter shell 1, 2, 3, 4, and 5, respectively). Maercker et al. (2010) argued that there is no strong evidence for the existence of full shells inside shell 3. Very recently the shell around U Ant is studied with PACS (Poglitch et al. 2010) onboard Herschel Space Observatory (Pilbratt et al. 2010) , which resolves the detached shell clearly in the FIR (Kerschbaum et al. 2010) . In this
Letter, we report the first detection of the detached shell around U Ant at MIR wavelengths with the Infrared Camera (IRC; Onaka et al. 2007 ) onboard AKARI (Murakami et al. 2007 ). The observations are made under the AKARI mission program "Excavating Mass
Loss History in Extended Dust Shells of Evolved Stars" (MLHES, PI: I. Y.).
Observations and Data Reduction
Observations of U Ant were made in the L15 (15 µm) and L24 (24 µm) bands of the IRC on 2006 December 20. The FWHM of the point spread function (PSF) is 4. ′′ 7 and 6. ′′ 8 for L15 and L24, respectively. The obtained dataset consists of long-and short-exposure images. Since U Ant is very bright in the MIR (∼ 100 Jy at 15 µm), the long-exposure images are all saturated around the central star position and several artifacts appear in the images due to reflections between the optical elements of the IRC (Lorente et al. 2008 ).
We use the short-exposure data to complement the saturated inner region and employ the long-exposure data to investigate the outer region. Fazio et al. 2004) , which uses the same type of the detector array (Reach et al. 2005) . Correction for the artifacts was applied for each exposure frame after the sky background had been subtracted. Except for this additional process, the data were reduced by the standard imaging process with the latest flat data and the dithered images were co-added to obtain the final images ( were simultaneously obtained for a 10 ′ × 40 ′ area. The FIS data were processed in the same manner as described in Izumiura et al. (2010) and the same PSF subtraction procedure was applied as for the IRC data. The FIS data are in agreement with the IRAS and PACS data within the uncertainties and have finer spectral sampling than them. The observational data used in this study, including the calibration data, are summarized in Table 1 .
Results
The central-star-subtracted image of L24 shows a smooth, symmetrical shell. The shell is also clearly seen at L15 (Figs. 1c and f). The presence of an extended component is evident even in the original L24 image (Fig. 1d) , when compared to the PSF (Fig. 1e ). The brightness peaks at around 41 ′′ in the both bands. To investigate the shell structure in detail, we assume that the shell is optically thin at MIR and spherically symmetric. We integrate the flux density in each projected annulus to obtain the 1-D radial brightness profile (RBP). The density distribution of the shell along the radial direction is approximated by a Gaussian according to Maercker et al. (2010) . The model emission is integrated along the line of sight, convolved with the PSF, and compared with the observed profile. We found that any single Gaussian distribution cannot give a reasonable fit with the observations and that the double shell with the Gaussian parameters of shell 3 and 4 estimated in Together with the FIS and PACS (Kerschbaum et al. 2010 ) data, we now obtain the spectral energy distribution (SED) of the detached shell of U Ant from 15 µm to 160 µm, from which the temperature and mass of dust grains in the shell can be estimated. We assume that the variability at IR wavelengths is negligible because the visual magnitude amplitude is only about 1 mag. First we assume that dust grains in the both shells have the same temperature. The PACS data are given only for the sum of the flux densities of the central star and the shells, whereas the IRC and FIS data are available for the central source and the shells separately. Thus we estimate the dust temperature and mass by minimizing
where
, and F t ν (λ i ) are the observed flux densities of the central source, the shells, and the sum of the central source and the shells, respectively, at the wavelength i: i=1, 2, 3, 4, 5, 6, 7, and 8 correspond to 15, 24 (IRC), 65, 90, 140, 160 (FIS) , and 70, and 160 µm (PACS), respectively. The flux densities of the central source are estimated from the PSF fit, which include those from the star and the circumstellar envelope produced by the present mass-loss. We assume that flux densities are in the Rayleigh-Jeans regime in the spectral range in question. The dust emissivity is assumed to be given by λ −β . In Eq.
(1) , T , A, and C are the fitting parameters, where T is the dust temperature and A and C are the scaling factor for the central source and the shell emission, respectively. In the fitting, we take account of the color corrections of each filter band (see Fig. 3 ).
The dust mass M can be estimated from
where D is the distance to the star (260 pc) and κ(λ) is the dust mass absorption coefficient.
The dust mass given by Eq. (2) is independent of the dust size when the dust size is much smaller than the wavelength in question. We adopt the dust parameters employed in observations. The dust-to-gas ratio in shell 3 is thus 8 × 10 −5 , supporting that shell 3 is dust-poor. The total dust-to-gas ratio for the sum of shells 3 and 4 is 0.008, which is in a reasonable range for carbon-rich AGB stars.
Adopting the distance of 260 pc, the locations of shells 3 and 4 are 1.7 × 10 17 and 1.9 × 10 17 cm from the star, respectively. The dynamical age of shell 3 is estimated as 2700 yr from the CO line velocity of 19.5 km s −1 (Maercker et al. 2010) . The width of shell 3
indicates that the average mass-loss rate was 1.2 × 10 −7 M ⊙ yr −1 at the shell formation. It should be noted that this includes the swept-up material and the shell may have widened.
Detached shells around U Ant are resolved in PACS maps at 70 and 160 µm. The peak intensity is located at around 43 ′′ and they attribute it to shell 3 (Kerschbaum et al. 2010 ). The present analysis suggests that the FIR emission arises mostly from shell 4 with a negligible contribution from shell 3. We calculate the RBP of the FIR emission by adopting the same radial dust density distributions as required to explain the MIR emission (Table 2 ) and assigning the flux densities derived from the SED fit to each shell. Then it is convolved with the model PSF of PACS 1 . Figure 2c plots the result. The intensity peaks at around ∼ 44 ′′ and shows a broad profile similar to the observations, which also suggest the presence of an extended emission component beyond shell 3 (Kerschbaum et al. 2010) .
Because the column density peaks at the inner part of the shell on the line-of-sight and shell 4 has a relatively large FWHM, the peak of the RBP is shifted to a position inside the actual shell location. Therefore, the two-shell model explains the observed RBPs and SED from 15 to 160 µm consistently.
If amorphous carbon grains of 0.1 µm size located at 1.9 × 10 17 cm from the star are heated by a star of 5800 L ⊙ (Schöier et al. 2005) , their temperature will be about 70 K, which is marginally in agreement with the derived temperature of 60 K. On the other hand, the temperature of shell 3 ( 100 K) is definitely too hot since the estimated temperature at shell 3 is only 76 K. The dust drift with respect to the gas as an explanation for the two-shell structure was suggested by González Delgado et al. (2003) and further elaborated on by Maercker et al. (2010) . The estimated drift velocity is 3 km s −1 . In a steady state, the drift velocity v d is given by
where v g is the gas velocity, L is the stellar luminosity,Ṁ is the mass loss rate, c is the velocity of light, and Q p is the radiation pressure efficiency factor, which is proportional to a, if a is much smaller than the wavelength (Habing et al. 1994) . Thus small grains have a low drift velocity. If grains of 0.1 µm have a drift velocity of 3 km s −1 , that of 10 nm grains will be 1 km s −1 . This makes only a 2 ′′ offset in the dust distribution relative to gas in 2700 yr, which cannot be resolved clearly in the present observations. Carbonaceous grains of 10 nm have small heat capacity and will be heated up to 100 K if they absorb a , & de Jong, T. 1988, A&A, 196, 173 Yamamura, I., Onaka, T., Kamijo, F., Izumiura, H., Deguchi, S. 1993, PASJ, 45, 573 This manuscript was prepared with the AAS L A T E X macros v5.2. b The RBP parameters are adopted from Maercker et al. (2010) .
c Estimated values by subtracting the stellar flux density from the observations (see §3). 
